Fatty acid transport protein 1 (FATP1) is an ~63 kDa plasma membrane protein that facilitates the influx of fatty acids into adipocytes as well as skeletal and cardiac myocytes. Previous studies with FATP1 expressed in COS1 cell extracts suggested that FATP1 exhibits very long chain acyl CoA synthetase activity and that such activity may be linked to fatty acid transport.
Summary
Fatty acid transport protein 1 (FATP1) is an ~63 kDa plasma membrane protein that facilitates the influx of fatty acids into adipocytes as well as skeletal and cardiac myocytes. Previous studies with FATP1 expressed in COS1 cell extracts suggested that FATP1 exhibits very long chain acyl CoA synthetase activity and that such activity may be linked to fatty acid transport.
To address the enzymatic activity of the isolated protein, murine FATP1 and acyl CoA synthetase 1 (ACS1) were engineered to contain a C-terminus myc-his tag, expressed in COS1 cells via adenoviral-mediated infection and purified to homogeneity using nickel affinity chromatography. Kinetic analysis of the purified enzymes was carried out for long chain palmitic acid (C16:0) and very long chain lignoceric acid (C24:0) as well as for ATP, and CoA.
FATP1 exhibited similar substrate specificity for fatty acids 16 to 24 carbons in length while ACS1 was 10-fold more active on long chain fatty acids relative to very long chain fatty acids.
Introduction
The mechanism by which fatty acids enter cells has been the source of considerable debate. Like other hydrophobic compounds, fatty acids are able to cross membranes by passive diffusion in a protein independent mechanism (1,2) driven by the concentration gradient on either side of the membrane. Whether passive diffusion within the biological context is sufficient to supply the amount of fatty acids required for tissues with high lipid flux remains to be determined. A second view contends that fatty acids traverse the plasma membrane via specific protein-mediated transporters (3, 4) . Studies in multiple tissue types, including cardiomyocytes and adipocytes (5, 6) , support the hypothesis that fatty acid transport occurs by a saturable, protein-mediated mechanism and several candidate proteins have been identified.
A variety of proteins have been implicated in protein mediated FA import. These include the fatty acid binding protein from the plasma membrane (FABP PM ), the fatty acid translocase (FAT / CD36), as well as the fatty acid transport protein family of molecules (FATP) reviewed in (7) . FATP1 is a member of a large family of related proteins from diverse organisms that increase fatty acid import when expressed in cultured cells (8, 9) . In mammalian cells, FATP isoforms 1-6 have been identified based on sequence similarity and have distinct tissue-specific distributions of expression (9) . The yeast homologue (Fat1p) has been shown by genetic and biochemical analyses to be required for fatty acid uptake (10).
FATP1 shares sequence similarity with the family of acyl CoA synthetases and has been demonstrated to increase very long chain acyl CoA synthetase activity of extracts when expressed in COS1 cells (11) . FATP1 contains two functional motifs, motif 1 that contains a putative site for the binding of ATP (via serine 250) that is part of the acyl CoA synthetase reaction mechanism and motif 2 that is proposed to be a ligand (fatty acid) binding domain (11-4 13) . Over expression of FATP1 in HEK 293 cells results in an increased rate of fatty acid influx for both C18:1 and C24:0 which are channeled to triacylglycerol biosynthesis (14) . As such, fatty acid transport protein 1 has been proposed to be a bifunctional protein capable of facilitating transbilayer movement of fatty acids and their metabolic activation (esterification) with coenzyme A.
To characterize the FATP1 acyl CoA synthetase reaction, murine FATP1 was engineered to contain a C-terminus myc-his tag, expressed in COS1 cells, and purified to homogeneity by nickel affinity chromatography. Additionally, the well-studied long chain acyl CoA synthetase 1 (ACS1) was cloned, expressed, and purified similarly in order to make a comparative analysis.
Kinetic analysis of purified FATP1 and ACS1 was carried out for two model fatty acid substrates (C16:0 and C24:0), ATP, and CoA. These data lay the foundation for the biochemical dissection of FATP1-dependent fatty acid uptake and metabolic activation and provide evidence consistent with the model for vectoral acylation of fatty acids at the plasma membrane. Competition studies-Due to the unavailability of commercially radiolabeled fatty acids, the lipid substrate specificity of the purified FATP1 was indirectly determined by competitive enzymatic inhibition analysis. In these studies, unlabelled fatty acids at a fixed concentration of 15µM was added to either [ 3 H] palmitic acid or [ Triton X-100 on the activity (18) . To determine whether FATP1 acyl CoA synthetase activity was sensitive to Triton X-100, purified enzyme was assayed with increasing concentrations detergent. FATP1 activity (for both C16:0 and C24:0 esterification) was sensitive to Triton X-100 in the reaction buffer (Figure 2) . In order to establish standard reaction conditions, 0.4%
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Triton X-100 in the final assay buffer was adopted as routine. This level of Triton X-100 partially inhibited both FATP1 catalytic activity but was in a region of the progress curve that was relatively insensitive to small changes in detergent concentrations.
The FATP1 acyl CoA synthetase activity was optimized with respect to several standard reaction parameters for both long chain (C16:0) and very long chain (C24:0) fatty acids. As shown in Figure 3 , the activity was dependent on, and proportional to, the amount of enzyme added to the reaction ( Figure 3A) as well as time of reaction ( Figure 3B ). In addition, the pH sensitivity of the reaction was evaluated (Figure 3C) , as was the influence of ionic strength ( Figure 3D ). The purified FATP1 has broad pH dependence with 6.5-8.0 being generally optimal and there was little effect on enzymatic activity when the NaCl concentration was varied from 30 mM to 150 mM, however the activity was reduced by 80 % at 500 mM. Importantly, optimization utilizing (Table I) . It should be stressed that because these studies are done in the presence of detergent, the free concentration of fatty acids cannot be determined and the K m values reported for each fatty acid represent apparent values assuming all lipid was available to the enzyme.
Since the solubility of lignoceric acid and palmitic acid vary greatly, this assumption is likely to be incorrect, but represents an experimentally tractable method for analyzing the data and comparing one enzyme to another. A catalytic constant of 1.5 s -1 at 37° C was calculated from the molecular mass of the purified enzyme (68 kDa) and the maximal specific activity of 1000 nmol/ min/ mg for C16:0.
The kinetic properties of purified ACS1 protein were evaluated and compared to those As with the other kinetic analysis, due to the differing solubilities of the various competing fatty acids, true K i values cannot be determined and a simple selectivity series is presented. These results are consistent with a model for FATP1 having a single fatty acid binding domain that is utilized for esterification of both long and very long chain fatty acids.
FATP1 is subject to feedback inhibition-Reports of the cellular concentration of long chain acyl
CoA esters vary between 5 and 160 µM (19, 20) . To determine whether FATP1 is regulated by feedback inhibition, increasing concentrations of palmitoyl-CoA were titrated into the standard reaction conditions (Figure 6 ) and the activity of FATP1 evaluated. At a concentration of 10 µM palmitoyl-CoA, the FATP1 acyl CoA synthetase reaction was inhibited by ~20-25 %, while 100 µM inhibited the reaction by greater than 60 % for both C16:0 and C24:0. Though to a slightly less degree, a similar inhibition was observed for ACS1.
FATP1 is insensitive to Triacsin C Inhibition-Triacsin C has been reported to be a potent competitive inhibitor of ACS1 and ACS4 (21) . However, studies in crude cellular extracts suggested FATP1 may not be similarly affected (14) . To test whether triacsin C inhibits purified FATP1, various concentrations were added to the standard reaction mixture (Figure 7 ) and the conversion of C16:0 and C24:0 evaluated. Surprisingly, triacsin C had no effect on FATP1 acyl
CoA synthetase activity while ACS1 was inhibited in the reported dose-dependent manner with an IC 50 of 1 µM. Troglitazone at concentrations up to 10 µM inhibited FATP1-dependent acylation of C16:0 or C24:0 by only 20% (data not shown).
Discussion
Initial studies to identify proteins that facilitate fatty acid transport into mammalian cells focused on a proteins ability to bind fatty acids. A plasma membrane fatty acid binding protein (FABP PM ) was purified by oleate-agarose affinity chromatography from hepatocytes, adipocytes, intestinal epithelial cells and cardiomyocytes and proposed to play a role in fatty acid import (22) . Partial protein sequencing of FABP PM revealed identity with mitochondrial aspartate aminotransferase (mAspAT), furthermore antibodies to mAspAT were able to inhibit uptake of oleate into 3T3-L1 adipocytes, further supporting the conclusion that these proteins are identical (23) . CD36, also known as fatty acid translocase (FAT), was identified based on its ability to bind a cross linking, sulfonsuccinimidyl fatty acid derivative (24) . Influx of fatty acid analogs is reduced in the heart, skeletal muscle, and adipose tissues in CD36-null mice (25) . CD36 also functions as a multi-ligand scavenger receptor, binding oxidized low-density lipoproteins, thrombospondin, and collagen. The additional functions of FABP PM and FAT complicate their interpretation and role in fatty acid uptake.
The FATP family of proteins was originally identified by the ability to facilitate fatty acid uptake using a fluorescent fatty acid internalization assay (8) . Sequence analysis of cloned FATP family members reveal two sequence motifs indicative of acyl CoA synthetases. Subsequent studies have demonstrated that the over expression of FATP1, FATP2, or FATP4 in COS1 cells increase cell associated acyl CoA synthetase activities (11, 26, 27) . Moreover, mutation of serine 250 to alanine significantly reduced fatty acid uptake suggesting that esterification of fatty acids is coupled to influx (28). The current study was undertaken to evaluate the catalytic properties of the FATP1 acyl CoA synthetase reaction. Here we demonstrate that purified FATP1 has an intrinsic acyl CoA synthetase activity with broad specificity for both long and very long chain fatty acids. FATP1 is a low velocity enzyme compared to ACS1, the traditional enzyme In sum, these results demonstrate that FATP1 exhibits intrinsic acyl CoA synthetase activity and is a broad substrate enzyme. This report represents the first characterization of the enzymatic activity of the protein in purified form. For long chain fatty acids, the prototypical ACS1 enzyme exhibits a higher V max / K m ratio while for very long chain FA the enzymes are comparable. This may suggest that ACS family members should functionally compensate for disruptions of FATP and that loss of the fatty acid transport protein would not be metabolically significant. However, striking evidence from FATP4 null mice (32) that exhibit a wrinkle-free phenotype reminiscent of essential fatty acid deficiency suggests unique specialized roles for the fatty acid transport proteins and that their physiological significance cannot be overlooked.
Additional experimentation will be required to dissect the molecular roles of the FATP transport and esterification activity as well as their metabolic functions in vivo.
Table I.
Comparison of kinetic constants for FATP1 and ACS1
Recombinant FATP1 and ACS1 were expressed, purified, and assayed for lignoceroyl-CoA and palmitoyl-CoA synthetase activities as described under "Experimental Procedures". Data are representative of at least three individual trials ± standard deviation and should be considered apparent rather than true values due to the presence of detergent in the analysis. (*) denotes values determined using palmitic acid (C16:0) as substrate. The K m values reported are apparent since 0.4% Triton X-100 is present under standard assay conditions. determinations. * refers to P < 0.05. # refers to P < 0.001 
